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Misclassification of body mass index (BMI) categories arising from self-reported weight and height can bias hazard ratios in studies of BMI and mortality. We examined the effects on hazard ratios of such misclassification using national US survey data for 1976 through 2010 that had both measured and self-reported weight and height along with mortality follow-up for 48,763 adults and a subset of 17,405 healthy never-smokers. BMI was categorized as <22.5 (low), 22.5-24.9 (referent), 25.0-29.9 (overweight), 30.0-34.9 (class I obesity), and ≥35.0 (class II-III obesity). Misreporting at higher BMI categories tended to bias hazard ratios upwards for those categories, but that effect was augmented, counterbalanced, or even reversed by misreporting in other BMI categories, in particular those that affected the reference category. For example, among healthy male never-smokers, misclassifications affecting the overweight and the reference categories changed the hazard ratio for overweight from 0.85 with measured data to 1.24 with self-reported data. Both the magnitude and direction of bias varied according to the underlying hazard ratios in measured data, showing that findings on bias from one study should not be extrapolated to a study with different underlying hazard ratios. Because of misclassification effects, self-reported weight and height cannot reliably indicate the lowest-risk BMI category. body mass index; body weight; epidemiologic methods; mortality; NHANES; obesity; overweight; self-report Abbreviations: BMI, body mass index; NHANES, National Health and Nutrition Examination Survey.
Studies of weight and mortality commonly assess weight using body mass index (BMI, calculated as weight (kg)/height (m) 2 ), a form of weight adjusted for height. A number of large studies of BMI and mortality have calculated BMI from selfreported weight and height (1) (2) (3) (4) . However, BMI calculated from self-reported weight and height ("self-reported BMI") is systematically biased relative to BMI calculated from objectively measured weight and height ("measured BMI") (5) . Errors are systematic rather than random in part because of the tendencies for greater underreporting of weight at high weights and greater overreporting of height at shorter heights (6) . Additional factors related to error in reporting include age, gender, and race (7) (8) (9) .
The rate of misclassification into the wrong BMI categories, relative to measured BMI, is often quite high. For example, Spencer et al. (10) found that almost 30% of men classified as normal weight by self-report were classified as overweight or obese by measured data. One effect of misclassification is to bias the estimated prevalence of obesity downward when selfreported data are used (11) (12) (13) (14) (15) (16) . However, misclassification affecting an exposure variable, such as BMI category, can also result in biased estimates of the relationship of the exposure to an outcome such as mortality (17) . Therefore misclassification arising from self-reported weight and height may bias hazard ratios in studies of BMI and mortality.
Comparisons of self-reported with measured BMI typically find small mean differences and very high correlations, often in the range of 0.95-0.99. However, despite what has sometimes been stated (18) , this does not demonstrate that self-reported BMI introduces little bias. Correlation does not assess agreement between 2 methods (19) . Neither correlations nor mean differences address the bias in hazard ratios arising from misclassification.
Hazard ratios for the overweight and obesity categories of self-reported BMI tend to be higher than those for the overweight and obesity categories of measured BMI (20, 21) . The systematic errors characteristic of self-reported data would be expected to bias hazard ratios for obesity upwards relative to measured BMI because of underreporting at the highest BMI levels (22) (23) (24) . The occurrence of this phenomenon has been documented in a number of studies (25) (26) (27) . Similar predictions have been noted in the context of dietary data, alcohol-intake data, and occupational-exposure data, where underreporting of exposure at high levels would be expected to increase hazard ratios (28) (29) (30) .
Several previous studies (21, 31) using data from the National Health and Nutrition Examination Survey (NHANES) have examined the overall effects on hazard ratios of errors in BMI due to self-reported weight and height. Here we extend these observations to provide examples of specific types of BMI misclassification that can affect hazard ratios, including misclassifications that affect the reference BMI category. We restrict our attention to the methodological issues regarding comparisons of self-reported and measured BMI values and their association with mortality. A 2009 Science Advisory from the American Heart Association noted that there are few data to directly evaluate the magnitude and direction of bias due to self-reported weight and height and commented that such studies "would add greatly to the literature" (32 , p. 3266).
METHODS
Data in this study come from the series of NHANES surveys conducted by the National Center for Health Statistics. In each survey, a different nationally representative cross-sectional sample of the US population was interviewed and examined. Numerous other articles (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) have addressed broader issues of adiposity and mortality in the NHANES data.
We used baseline data from NHANES II (1976) (1977) (1978) (1979) (1980) , NHANES III (1988 -1994 , and the Continuous NHANES (1999-2010) (44) (45) (46) , with linked mortality data through 2011. All surveys included a household interview followed within a few weeks by a standardized physical examination in a mobile examination center. Questions about weight and height were included in the household interview. Weight and height were subsequently measured in the examination center using standardized methods and equipment. At the time of interview, respondents agreed to participate in the physical examination and were informed that it would include height and weight measurements.
There were 48,781 adult participants who had complete data for measured and self-reported weight and height, smoking status, racial/ethnic group, alcohol consumption, and educational level. After excluding 18 participants who had a difference of ≥20 BMI units between self-reported and measured BMI, the final analytical data set included 48,763 participants with 13,058 deaths.
For the purpose of these analyses, BMI was categorized as <22.5 (low), 22.5-24.9 (referent), 25.0-29.9 (overweight), 30.0-34.9 (class I obesity), and ≥35.0 (class II-III obesity). A BMI of 22.5-24.9 was used as the reference category because this is frequently selected as the reference category in large studies (17) . For the current analyses, a BMI of <22.5 will be referred to as "low BMI."
We used sex-specific hazard ratios for all-cause mortality, computed from Cox proportional hazards models, with age as the timeline and adjusted for survey, smoking status, racial/ethnic group, and alcohol consumption (36) . We calculated hazard ratios for BMI categories using measured BMI and again using self-reported BMI. We repeated the analyses for a restricted data set with 17,405 participants that included only self-reported never-smokers who had been examined below the age of 70 years and who reported no history of heart disease or cancer. These restrictions were chosen because they are similar to those used in a number of large studies of weight and mortality (2) (3) (4) .
Misclassifications between categories can affect the comparison between hazard ratios from measured versus self-reported data in a variety of ways. For example, the hazard ratio for overweight relative to the reference category may be affected by misclassifications that affect the reference category, misclassifications that affect the overweight category, or both. Because we used 5 BMI categories, there were 20 possible pairs of misclassifications between categories. However, several of those pairs never occurred in the data or occurred so infrequently as to be negligible. We considered only misclassifications of 1 category higher or lower than the correct measured BMI category, leading to 8 possible misclassifications (low to referent, referent to low, referent to overweight, overweight to referent, overweight to obesity class I, obesity class I to overweight, obesity class I to obesity class II-III, obesity class II-III to obesity class I). Over 99% of the sample fell within this range from 1 category lower to 1 category higher.
To isolate the effect of misclassification from a specific BMI category to another specific category, we substituted selfreported BMI for measured BMI just for the misclassified participants and recalculated hazard ratios, retaining measured BMI for the other categories. For example, for misclassification from the low category to the reference category, we substituted self-reported BMI for measured BMI for those who were in the low category by measured BMI but in the reference category by self-reported BMI and then recalculated the hazard ratios. We repeated this for every possible combination of the 8 misclassifications, substituting self-reported BMI for measured BMI for that particular combination, resulting in 256 combinations. For presentation purposes, we selected the 5 combinations of individual misclassifications that could affect each of the 5 BMI categories, as shown in Web Table 1 (available at https://academic. oup.com/aje). The highest and lowest BMI categories were affected by only 2 misclassifications; the other BMI categories were each affected by 4 misclassifications. Each individual misclassification affects 2 BMI categories.
These methods were designed to elucidate how and why the point estimates of hazard ratios numerically change under the observed misclassification of self-reported BMI. This objective differs from that of Keith et al. (47) , whose objective was primarily to determine whether the statistical significance of the results would differ when using measured BMI compared with self-reported BMI, and from that of Preston et al. (48) , who considered the bias due to categorization and self-report relative to measured data and their effects on attributable fractions.
Analyses were conducted with PC SAS, version 9.4 (SAS Institute, Inc., Cary, North Carolina), and SUDAAN, version 11.0.1 (RTI International, Research Triangle Park, North Carolina). All analyses used sample weights and took into account the clustering and the sample design.
RESULTS
In both the full sample and the restricted sample of healthy never-smokers, self-reported and measured BMI were highly correlated, with correlation coefficients of 0.96 or 0.97 between self-reported BMI and measured BMI. The mean differences were small, with a mean difference of 0.4 units for men and 0.7 units for women. Details of descriptive data are shown in Table 1 . These observations do not assess classification by BMI.
Misclassification rates are shown in Figure 1 , which shows (for each category of self-reported BMI) the proportions that were in the same or different measured BMI categories. For instance, of men classified into the reference BMI category by self-reported weight and height, 64% were correctly classified, 22% fell into the next higher BMI category by measured weight and height, and 13% fell into the next lower BMI category. Misclassification rates for the restricted sample were similar to those for the full sample. Details of the crossclassification by self-reported and measured BMI groupings are shown in Web 
Effects of data collection methods and sample restrictions
The overall sex-specific hazard ratios for self-reported and measured BMI for the full sample and the restricted sample are shown in Table 2 . For both men and women in the full sample, the hazard ratios tended to be slightly higher at the highest BMI category when self-reported BMI was used. For men in the restricted sample, the hazard ratios calculated using selfreported BMI were higher for all BMI categories than the hazard ratios calculated using measured BMI. When measured BMI was used, the hazard ratios for low BMI and overweight BMI were both lower than 1; when self-reported BMI was used, the direction of the hazard ratios was reversed and both were greater than 1. For women in the restricted sample, unlike the results for men, the hazard ratios calculated using self-reported BMI were lower for all BMI categories than the hazard ratios calculated using measured BMI.
Effects of misclassifications between combinations of specific BMI categories
The above results are for all misclassifications taken together. We carried out a detailed examination of how the hazard ratios were affected by misclassifications between specific BMI categories. We calculated results separately for 256 combinations of misclassification effects. Table 3 for the full sample and Table 4 for the restricted sample summarize the effects on hazard ratios of the combinations that affect each BMI category. For example, for men in the full sample, the second line of Table 3 shows the combined impact on hazard ratios of the 2 misclassifications that affect the low self-reported BMI category (misclassification from low to referent and misclassification from referent to low). These misclassifications increased the hazard ratio for the low BMI category from 1.28 to 1.30, with similarly small increases for the hazard ratios in the other BMI categories. The third line shows the combined impact on hazard ratios of the group of the 4 misclassifications that affect the reference category (low to referent, referent to low, overweight to referent, referent to overweight). These misclassifications increased the hazard ratio for the low BMI category from 1.28 to 1.30, had no effect on the hazard ratio for the overweight category, and slightly increased the hazard ratio for the obesity BMI categories.
In the full sample, misclassifications that affected the low, reference, or overweight categories had little impact, as shown in Table 3 . For men, misclassifications that affected class I or class II-III obesity increased the hazard ratios for those categories. However, for women in the full sample, those . b Self-reported BMI was calculated from self-reported weight and self-reported height as weight (kg)/height (m) 2 . c The restricted sample was limited to participants who reported never smoking, who reported no history of heart disease or cancer, and who were examined when younger than age 70 years. misclassifications had almost no effect. The changes were small in all BMI categories.
The results were different for the restricted sample of healthy never-smokers, as shown in Table 4 . For men in the restricted sample, misclassifications that affected class I or class II-III obesity increased the hazard ratios for the highest BMI category but had almost no effect on the hazard ratios for any other BMI category. However, misclassifications that affected the low, reference, or overweight categories increased the hazard ratios for all BMI categories, and misclassifications affecting the reference or overweight categories changed the direction of the hazard ratio for the overweight category.
For women in the restricted sample, in contrast, the use of self-reported BMI decreased the hazard ratios in all BMI categories. These results appeared initially to be opposite to those for the men. However, as for men, misclassifications that affected class I or class II-III obesity increased the hazard ratios for the highest BMI categories with little or no effect on the lower BMI categories. Misclassifications affecting the low, reference, or overweight categories produced the opposite effects, reducing the hazard ratios in all BMI categories. Further investigation suggested that these decreases in hazard ratios were due entirely to the single misclassification from the low category into the reference category. Because the hazard ratio for the low category (1.37) was higher than that for the reference category, misclassification from the low category to the reference category increased the apparent risk in the reference category, which then reduced the hazard ratio for all other BMI categories. Tables 3 and 4 show the effects of groups of misclassifications but do not show the effects of each individual misclassification. An example of how cumulative individual misclassifications changed the direction of the hazard ratio for the overweight category for men in the restricted sample is displayed in Table 5 . The use of self-reported data changed the direction of the hazard ratio for overweight from 0.85 with measured BMI to 1.24 for self-reported BMI and increased the hazard ratio for the class II-III obesity category from 1.86 to 2.88. Only 4 individual misclassifications were enough to change the direction. With no misclassifications, the hazard ratio was 0.85. Two-way misclassification between the lower risk overweight category and the higher risk reference category increased the hazard ratio from 0.85 to 1.08. Two further misclassifications increased the risk in the overweight category and decreased the risk in the reference category, thereby increasing the hazard ratio to 1.24. Measured BMI was calculated from measured height and weight. Self-reported BMI was calculated from self-reported weight and height. The x-axis BMI categories are according to self-report. Within BMI categories, the first bar is for the full sample, and the second bar for the restricted sample. White: measured BMI category was the same as self-reported BMI category; striped: measured BMI category was lower than self-reported BMI category; gray: measured BMI category was 1 category higher than self-reported BMI category; black: measured BMI category was 2 categories higher than self-reported BMI category.
Effects of individual BMI misclassifications
Detailed tables for each BMI group for the restricted sample, showing the sequential effects of each misclassification, are presented in Web Tables 4 (men) and 5 (women). In several cases, a version of what is known as the "Will Rogers phenomenon" (49-52) was apparent, whereby misclassification from class II-III obesity to class I obesity raised the HR in both categories.
DISCUSSION
We categorized BMI calculated from self-reported weight and height and BMI calculated from measured weight and height. We then compared the sex-specific hazard ratios for mortality obtained using self-reported BMI categories with the hazard ratios obtained using measured BMI categories in the same data set. We analyzed data separately for men and women, both for the full sample and for a restricted sample of healthy never-smokers. In the full sample, there was slight upward bias in hazard ratios at the highest BMI category. For men in the restricted sample, there was considerable upward bias in all BMI categories; for women in the restricted sample, there was downward bias in all BMI categories. Many studies have predicted that the effects of systematic error in self-reported BMI would be to increase hazard ratios at the upper BMI levels because of the underreporting at the highest BMI levels (22, 23, 28, 53, 54) . We observed this phenomenon, but we also observed that it was sometimes masked by the counter-effects of other types of misclassification.
Detailed examination of the impact of misclassifications between specific BMI categories revealed some effects that have not, to our knowledge, been previously appreciated. We found that the bias can be strongly affected by misclassification that affects the reference BMI category, because all hazard ratios are calculated relative to the referent. This is particularly important because of a tendency in large studies, often those using self-reported data, to argue in favor of using a "high-normal" reference category, such as BMI of 22.5-24.9, rather than the standard WHO normal weight BMI category of at least 18.5 and less 25 (32, 55, 56) . However, when these categories are formed from self-reported BMI, using the narrower reference category increases the probability of misclassification. In the NHANES data, which has relatively accurate classification relative to other studies, the misclassification rate in the narrow reference category was close to 40%, and it may be higher in other studies.
Our results showed that the magnitude and even the direction of the bias in hazard ratios introduced by the use of self-reported data are not predictable, because the bias in hazard ratios arising from misclassification was related to the magnitude Abbreviations: BMI, body mass index; CI, confidence interval; HR, hazard ratio. a Hazard ratios from Cox proportional hazards models, with age as the timeline and adjusted for survey, smoking status, racial/ethnic group, and alcohol consumption. The reference category was BMI of 22.5-24.9.
b The restricted sample was limited to participants who reported never smoking, who reported no history of heart disease or cancer, and who were examined when younger than age 70 years.
c Measured BMI was calculated from measured height and measured weight as weight (kg)/height (m) 2 . d Self-reported BMI was calculated from self-reported weight and self-reported height as weight (kg)/height (m) 2 .
and direction of the true underlying hazard ratios using measured data. When the bias is a function of the measured hazard ratios, the bias in hazard ratios cannot be extrapolated to a different sample even if the 2 samples have the same degree of misclassification. Although some types of misreporting at upper levels of BMI increase hazard ratios, misreporting at lower levels of BMI may either further increase or diminish hazard ratios unpredictably. The high correlation coefficients and low mean differences often reported provide no evidence on the degree of bias. An important finding of our study is that misclassification due to self-reported weight and height can reverse the direction of an association when the hazard ratio for overweight is below 1. A hazard ratio below 1 for overweight when measured data were used translated into a hazard ratio above 1 when self-reported data were used. Misclassification from the lower-risk overweight category into the reference category reduced the apparent risk in the reference category, thereby increasing the hazard ratios for overweight. The hazard ratio for overweight was further increased by misclassification from obesity to overweight. This may partially explain the tendency for studies using self-reported data to find higher hazard ratios for overweight than studies using measured data (20, 21) . Shields et al. (26) similarly found a reversal of direction for overweight from 0.8 to 1.3 for the outcome of fair/poor health, and Dutton et al. (25) , using some of the same data, also found a number of examples of reversal of direction for overweight.
Two previous studies (47, 48) , both also using the NHANES data, have looked at the relationship of self-reported versus measured BMI to mortality outcomes. Precise comparisons are limited because of differences in objectives and in analytical approaches. Keith et al. (47) compared statistical significance between categorizations of self-reported and measured BMI; Preston et al. (48) examined bias due to the combination of categorization and self-reported BMI data relative to continuous analyses with measured BMI data. Our findings are broadly consistent, but we provide a more detailed analysis of the effects of misclassification, particularly at lower BMI levels.
The bias in hazard ratios from using self-reported BMI was greater when the sample was restricted to healthy neversmokers. Keith et al. (47) also observed this in the NHANES data. The appearance of a greater impact in the restricted sample may be due in part to the higher hazard ratios for measured data in the restricted sample. There may be some additional effects of self-reporting of other variables that affect these results, because the information on smoking status and history of disease used to restrict the sample was also self-reported. Research suggests that inaccuracies in self-reported history of disease and inaccuracies in self-reported smoking status may be associated with various other characteristics (31, 54, 
57-59)
. Inaccuracies in the reporting of height and weight may also be associated with some features of health status (60) . The factors that are associated with misreporting of height and weight, smoking status, or disease history may also be associated with the outcome and thus generate additional residual confounding.
We selected a reference category of BMI of 22.5-24.9 often used in large studies, rather than the standard category Abbreviations: BMI, body mass index; HR; hazard ratio. a Hazard ratios from Cox proportional hazards models, with age as the timeline and adjusted for survey, smoking status, racial/ethnic group, and alcohol consumption. The reference category was BMI of 22.5-24.9.
c BMI was calculated as weight (kg)/height(m) of normal BMI (18.5-24.9), which has been criticized on the basis that it is too broad (32, 55, 56) . Discussions of the choice of reference category have not recognized that when BMI is self-reported a narrower reference category increases the probability of misclassification in the reference category, which may affect hazard ratios at higher BMI levels (55) . The narrower the reference category, the more likely that the reference category is enriched by misclassification from the overweight category into the reference category. When self-reported data are used, the choice of narrower BMI categories will tend to increase possible bias from misclassification. A further implication is that, when self-reported data are used, approaches that involve restricting the low-BMI representation in the analytical sample, such as deleting respondents with BMI values below 20, might have an unexpected effect on the hazard ratios for higher BMI levels because of their effects on the reference category. An important limitation of our analyses and other analyses that used data from NHANES (47, 48) is that the results presented here may underestimate the bias in other studies of BMI and mortality that have used self-reported BMI data. In NHANES, participants reported their own weight and height in a face-to-face interview knowing that their weight and height would also be measured within a few weeks. These reports may be more accurate than reported weight and height data collected through telephone or mail surveys or without an expectation of measurement (61, 62) .
Several large studies of BMI and mortality have used selfreported weight and height data to estimate hazard ratios for BMI categories, sometimes in an attempt to identify the lowest-risk BMI category (2-4) However, the findings reported here suggest that self-reported BMI cannot reliably indicate the lowest-risk category because misclassification effects may misleadingly suggest the wrong category as the low category. In our data set, for men in the restricted sample, the lowest mortality was observed in the range of BMI 25-29.9 when measured data were used, but when selfreported data were used, the lowest mortality was observed in the reference category of 22.5-24.9. In a simulation study, Heavner and Burstyn (63) showed how the choice of varying cutoffs used to categorize an incorrectly measured exposure can affect odds ratios.
The results reported here confirm that, in general, the expected effect of underreporting at high BMI levels would be to bias hazard ratios upwards, but that effect can be augmented, counter-balanced, or even reversed by reporting errors that affect the reference category. The greater bias observed in the restricted sample of healthy never-smokers remains unexplained but may be related to the larger hazard ratios in the restricted sample and to some characteristics of misreporting of smoking status or health history.
